ABSTRACT: Juvenile hormone (JH) is a key insect developmental hormone that is found at low nanomolar levels in larval insects. The methyl ester of JH is hydrolyzed in many insects by an esterase that shows high specificity for JH. We have previously determined a crystal structure of the JH esterase (JHE) of the tobacco hornworm Manduca sexta (MsJHE) [Wogulis, M., Wheelock, C. E., Kamita, S. G., Hinton, A. C., Whetstone, P. A., Hammock, B. D., and Wilson, D. K. (2006) Biochemistry 45, 4045-4057]. Our molecular modeling indicates that JH fits very tightly within the substrate binding pocket of MsJHE. This tight fit places two noncatalytic amino acid residues, Phe-259 and Thr-314, within the appropriate distance and geometry to potentially interact with the R,β-unsaturated ester and epoxide, respectively, of JH. These residues are highly conserved in numerous biologically active JHEs. Kinetic analyses of mutants of Phe-259 or Thr-314 indicate that these residues contribute to the low K M that MsJHE shows for JH. This low K M , however, comes at the cost of reduced substrate turnover. Neither nucleophilic attack of the resonance-stabilized ester by the catalytic serine nor the availability of a water molecule for attack of the acyl-enzyme intermediate appears to be a rate-determining step in the hydrolysis of JH by MsJHE. We hypothesize that the release of the JH acid metabolite from the substrate binding pocket limits the catalytic cycle. Our findings also demonstrate that chemical bond strength does not necessarily correlate with how reactive the bond will be to metabolism. ) for their respective endogenous substrates (see refs (1-3) ). In insects, carboxylesterase activity is essential for reducing juvenile hormone (JH) levels in the hemolymph (4-6). JH is a lipophilic hormone that helps to regulate development, reproduction, metamorphosis, behavior, and other key biological events in insects (reviewed in refs (7-11)). JH is a sesquiterpenoid with an R,β-unsaturated methyl ester at one end of the molecule and an epoxide at the other end ( Figure 1A ). Resonance stabilization between the R-β double bond and the carbonyl group of the ester is thought to result in an ester that is particularly stable to nucleophilic attack in comparison to the saturated form of JH (see ref 4). At least six forms of JH (JH I, JH II, JH III, JH 0, iso-JH 0, and JH III bisepoxy or bisepoxide) have been identified (10), but JH metabolites, hydroxylated JHs, or other molecules not traditionally thought to be hormones might also function as biologically active "juvenile hormone" in some species (reviewed in ref 10).
Carboxylesterases (EC 3.1.1.1) catalyze the hydrolysis of a wide range of endogenous and xenobiotic ester containing compounds. Of the many carboxylesterases only juvenile hormone esterase (JHE) 1 ) for their respective endogenous substrates (see refs (1) (2) (3) ). In insects, carboxylesterase activity is essential for reducing juvenile hormone (JH) levels in the hemolymph (4) (5) (6) . JH is a lipophilic hormone that helps to regulate development, reproduction, metamorphosis, behavior, and other key biological events in insects (reviewed in refs (7) (8) (9) (10) (11) ). JH is a sesquiterpenoid with an R,β-unsaturated methyl ester at one end of the molecule and an epoxide at the other end ( Figure 1A ). Resonance stabilization between the R-β double bond and the carbonyl group of the ester is thought to result in an ester that is particularly stable to nucleophilic attack in comparison to the saturated form of JH (see ref 4) . At least six forms of JH (JH I, JH II, JH III, JH 0, iso-JH 0, and JH III bisepoxy or bisepoxide) have been identified (10) , but JH metabolites, hydroxylated JHs, or other molecules not traditionally thought to be hormones might also function as biologically active "juvenile hormone" in some species (reviewed in ref 10) .
Two enzymes in the R/β-hydrolase fold superfamily, JHE and JH epoxide hydrolase (JHEH), are known to metabolize JH (4) (5) (6) . JHE is a secreted enzyme that is largely found in the hemolymph, whereas JHEH remains within tissues. The relative roles of these enzymes in JH metabolism can vary depending upon the insect species, developmental stage, and tissue where they are found. However, it is commonly assumed, at least in lepidopteran insects, that JH metabolism occurs primarily through the action of JHE, with JHEH playing a secondary role. Phylogenetic analyses (12, 13) indicate that JHEs of Lepidoptera are in a different clade than those of Coleoptera and Diptera. In the tobacco hornworm Manduca sexta (Lepidoptera) both JHE and JHEH have been shown to be involved in JH metabolism (14, 15) . Recombinant JHE (16, 17) and recombinant JHEH (18, 19) from M. sexta have been expressed and characterized. The JHE of M. sexta (MsJHE) shows a high specificity constant (k cat /K M ratio of ca. 3 Â 10 7 M -1 s -1 (17) ) for JH that results primarily from an exceptionally low K M (low nanomolar range).
We have previously proposed a definition of "JHE" that is based on both biochemical and biological criteria (4) . Biochemically, JHE should show a low apparent K M for JH and thus hydrolyze JH with a high specificity constant (k cat /K M ratio). JHE should also hydrolyze JH in the presence or absence of carrier protein. Biologically, the presence of JHE activity should correlate with a reduction in JH titer in the insect, and JHE activity should play an essential role in clearing JH from the insect's body.
JHEs, like other carboxylesterases, catalyze JH in two steps (20) . The first step involves nucleophilic attack of the carbonyl carbon of JH (C 1 in Figure 1 ) by the oxygen of the serine residue in the active pocket of JHE, release of methanol, and formation of an acyl-enzyme intermediate. The second step involves nucleophilic attack of the carbonyl carbon of the acyl-enzyme by a water molecule, release of JH acid, and regeneration of the free JHE. Both steps involve the formation of tetrahedral transition state intermediates. Formation of the tetrahedral intermediate during the second step of the hydrolysis cycle or its decomposition (i.e., deacylation) has been hypothesized to be a rate-determining step in JH metabolism (see refs 4 and 21).
We have previously determined a 2.7 Å resolution crystal structure of MsJHE in complex with 3-octylthio-1,1,1-trifluoropropan-2-one (OTFP), a transition state inhibitor of esterases (22) . This structure, the first JHE crystal structure reported, shows a substrate binding pocket that is an unusually deep and narrow pit that is lined with hydrophobic amino acid residues. The catalytic triad is located at the bottom of this pit and appears to be inaccessible to surface solvent when the inhibitor is present. In contrast, AChE from the Pacific electric ray Torpedo californica (23, 24) and rabbit liver carboxylesterase (25) , two esterases with solved crystal structures that are the most closely related to MsJHE on the basis of primary sequence and structure, show substrate binding pockets that are accessible to surface solvent. The unique binding pocket structure (i.e., catalytic residues at the end of a deep and narrow pit) of MsJHE helps to explain some of the previously observed characteristics of inhibitors and surrogate substrates of JHE. For example, thiomethyl esters are generally good surrogate substrates of JHE; however, thiophenyl and even thioethyl esters are poor substrates (21) . Also, inhibitors of JHE show increased potency when their physical characteristics (hydrophobicity, length, molar refractivity, or volume, etc.) approach those of JH (e.g., refs (26) (27) (28) ).
In this study the X-ray crystal structure of MsJHE was used to generate molecular models in which JH III, saturated JH III, JH III diol, and the general esterase substrate R-naphthyl acetate (R-NA) were placed into the substrate binding pocket. Two noncatalytic amino acid residues, Phe-259 and Thr-314, were found within the substrate binding pocket of MsJHE that appeared to interact with the ester and epoxide, respectively, of JH. The roles of Phe-259 and Thr-314 in JH hydrolysis were investigated by site-directed mutagenesis that generated the mutant MsJHEs F259I and T314V, respectively. Enzyme kinetic characterizations of these mutants were performed using JH III, saturated JH III, and JH III diol as substrates. Our analyses indicated that Phe-259 and Thr-314 contribute to the exceptionally low K M that JHE shows for JH at the expense of reduced substrate turnover (presumably due to a lower k off associated with the product). Our findings suggested that there is some flexibility in the binding pocket of MsJHE. The implications of this flexibility in terms of substrate selectivity and the ability of water to access the active site are discussed. Neither nucleophilic attack of the resonancestabilized ester of JH by the catalytic serine nor the acyl-enzyme by a water molecule appeared to be limiting factors in the slow k cat of MsJHE for JH. Rather, our molecular modeling and experimental findings suggested a kinetic model in which the ratedetermining step is the release of JH acid from the substrate binding pocket. Our findings also demonstrate that fast substrate turnover is not necessarily the only evolutionary driver of an enzyme and that the strength of the chemical bond to be broken in an enzymatic reaction is not necessarily indicative of how easily the bond will be metabolized.
EXPERIMENTAL PROCEDURES
Molecular Modeling. The coordinates of the crystal structure of MsJHE are available under Protein Data Bank identification number 2fj0. Atomic coordinate, topology, and parameter files for JH III, saturated JH III, and JH III diol were generated using the Dundee PRODRG server (http://davapc1.bioch.dundee. ac.uk/programs/prodrg/prodrg.html) (29) . These substrates were modeled into the substrate binding pocket of MsJHE using the program O (30) using a previously generated MsJHE-JH II model (22) as a guide. Initially, the substrates (JH III, saturated JH III, JH III diol, or R-NA) were manually placed into the model and refined using the model_minimize module of the Crystallography & NMR System (CNS) software suite (31) while keeping the protein atoms fixed and allowing the substrate to move. For each model, 500 energy minimization steps were performed in order to ensure that each substrate was reasonably placed and there were no steric clashes. By this procedure, the positions of the first seven carbon atoms of JH (C 1 to C 7 in Figure 1 ) were tightly constrained, and particularly for the saturated JH substrates, their final positions did not change significantly after energy minimization. The later carbon atoms and the epoxide, however, could be placed in a number of different positions, and placement in different positions sometimes led to different final models (i.e., the energy-minimized models did not always converge on a single solution). The molar refractivity (cm 3 mol -1
) of a structure was estimated using ChemDraw Ultra 8.0 (Chemistry Software).
Construction of Recombinant Baculoviruses Expressing Mutant JHEs. Construction of the recombinant baculovirus AcMsJHE-F259I expressing F259I, a Phe-259 to Ile mutant of MsJHE, was previously described (22) . The recombinant baculovirus AcMsJHE-T314V expressing T314V, a Thr-314 to Val mutant of MsJHE, was constructed by site-directed mutagenesis. The wild-type jhe gene of M. sexta (Genbank accession number AF327882) in the baculovirus transfer vector pAcUW21 (BD Biosciences) was mutated using the primers T314Vforward (5 0 -gaacagtttggactggtgactttcttcccag-3 0 ) and T314Vreverse (5 0 -ctgggaagaaagtcaccagtccaaactgttc-3 0 ) to generate the recombinant baculovirus transfer vector pAcUW21-T314V. The accuracy of the jhe sequence and presence of the mutation in pAcUW21-T314V were verified by DNA sequencing of both strands. AcMsJHE-T314V was generated by transfection of Sf21 cells (Invitrogen) with pAcUW21-T314V and linearized BacPAK6 baculovirus DNA (Clontech) using Cellfectin transfection reagent (Invitrogen) following the manufacturer's protocol. AcMsJHE-T314V was isolated by two rounds of plaque assay on Sf21 cells cultured on ExCell 401 medium (SAFC Biosciences) supplemented with 2.5% fetal bovine serum following standard procedures (32) .
Protein Expression, Purification, and Quantification. Wild-type MsJHE, F259I, and T314V were produced in insect High Five cells (Invitrogen) cultured in ESF 921 medium (Expression Systems) that were inoculated with AcMsJHE7 (17), AcMsJHE-F259I (22) , or AcMsJHE-T314V, respectively, at a multiplicity of infection of 0.5 following standard protocols (32) . At 72 h postinfection, the cell culture supernatant was collected, and the expressed protein (MsJHE, F259I, or T314V) was purified by anion-exchange chromatography using Q-Sepharose Fast Flow (Pharmacia) as previously described (scheme 1 in ref 17) . The 300 mM NaCl fraction was subjected to desalting and concentration using a Centricon 30 filtration device (Millipore) into 50 mM sodium phosphate, pH 7.4, buffer. Protein concentrations were determined by a Bradford protein assay (Bio-Rad) using bovine serum albumin (BSA) fraction V (Sigma-Aldrich) to generate a standard curve. In order to determine the efficiency of this purification scheme, the protein solution was treated with MBTFP-Sepharose, a JHE-specific affinity gel (33) , or left untreated. The treated and untreated protein samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 12% NuPAGE Bis-Tris gels (Invitrogen) in NuPAGE MOPS SDS running buffer (Invitrogen), visualized with Bio-Safe Coomassie stain (Bio-Rad), and compared to SeeBlue prestained standards (Invitrogen). A comparison of the intensity of the bands in the MBTFP-Sepharose-treated and untreated samples was used to estimate the JHE-specific protein content following the ion-exchange purification scheme. The ImageJ program (34) was then used to quantify the intensity of the protein bands.
Substrates. Tritium-labeled (17.5 Ci mmol
) JH III and unlabeled JH III were purchased from PerkinElmer and SigmaAldrich, respectively. A stock of saturated, tritium-labeled JH III (5.71 μM) was generated by a hydrogenation reaction containing tritium-labeled JH III in ethanol and platinum dioxide (1% w/w) as a catalyst. The reaction was allowed to proceed under a hydrogen (H 2 ) gas atmosphere at room temperature for 24 h. A stock of saturated, unlabeled JH III (2810 μM) was generated under the same conditions. Both the C 2 -C 3 (R-β carbons) and C 6 -C 7 double bonds of JH III ( Figure 1B ) were saturated by this reaction whereas the epoxide remained unchanged (see Results section). A mixture of tritium-labeled and unlabeled JH III diol ( Figure 1C ) was enzymatically generated using a recombinant soluble epoxide hydrolase (35) . The reaction mixture contained tritium-labeled JH III (0.0571 μM), unlabeled JH III (281 μM), and 0.024 mg mL -1 soluble epoxide hydrolase (specific activity of 32.2 μmol of trans-1,3-diphenylpropene oxide (t-DPPO) hydrolyzed to the corresponding diol min
) in 50 mM sodium phosphate, pH 7.4, buffer. The reaction was incubated overnight with shaking at 30°C. The efficiencies of the hydrogenation and hydrolysis reactions were determined by thin-layer chromatography (TLC) on silica gel 60 plates (F 254 , 250 μm; EMD Chemicals) using hexane-ethyl acetate (4:1 or 1:1, respectively) as solvent. Mass spectrometry was used to determine efficiency of the conversion of JH III to saturated JH III. Mass spectra were obtained on a Micromass liquid chromatograph orthogonal acceleration time-of-flight mass spectrometer (Waters-Micromass) using electrospray ionization in the positive mode. Samples were introduced into the mass spectrometer by direct-flow injection using a Waters Alliance 2795 HPLC system for solvent delivery at the flow rate of 250 μL min Enzyme Assays and Kinetic Constant Determinations. The hydrolysis activities of MsJHE, F259I, and T314V for JH III and/or saturated JH III were determined by a partition assay as described previously (36, 37) . The hydrolysis activities of MsJHE and T314V for JH III diol were determined by TLC as described previously (37) . In all of the experiments, the enzyme was diluted in 50 mM sodium phosphate, pH 7.4, buffer, containing 0.1 mg mL -1 of BSA so that only 4%-15% of the substrate was consumed during the time of the assay (7-75 min). The enzyme assays (100 μL reaction volume) were performed with shaking at 30°C in triplicate, and each assay was repeated at least three times. The Michaelis constant (K M ) and V max were determined for each enzyme-substrate combination using at least six different substrate concentrations (11.4-1890 nM) that bracketed the estimated K M value using the program SigmaPlot Enzyme Kinetics Module 1.1 (SYSTAT Software). An estimated molecular mass of 62100 Da (i.e., MsJHE lacking its predicted signal peptide sequence) was used to calculate k cat values for each enzyme.
RESULTS
Structure of the JH Binding Pocket. The substrate binding pocket of MsJHE was a deep and narrow pit that extended approximately 20 Å into the core of the enzyme (Figure 2A ). The amino acid residues that form the catalytic triad (Ser-226, Glu-357, and His-471) were found at the bottom of this pit. The surface of this pit, formed by 30 amino acid residues, included 6 amino acid residues putatively involved in the catalytic cycle. Of the 24 noncatalytic amino acid residues that lined the pit, 14 were conserved in lepidopteran JHEs (from M. sexta, Heliothis virescens, Bombyx mori, and Choristoneura fumiferana). The surface of the pit was largely hydrophobic except for three regions: the rim of the entrance of the pit, the catalytic end of the pit, and a ring of polarity about a third of the way into the pit ( Figure 2B ). The entrance of the pit was polar due to the side chains of Tyr-269, Gln-310, Glu-376, and Asn-377 as well as the main chain carbonyl atom from Gln-310. The ring of polarity resulted from the hydroxyls of Thr-314, Tyr-424, and Tyr-416 and the main chain carbonyls from Phe-259, Phe-311, and Ile-380. The bottom of the pit was polar due to the catalytic amino acid residues Ser-226 and His-471, the main chain nitrogen atoms of the amino acid residues that form the oxyanion hole (i.e., Gly-146, Gly-147, and Ala-227), and the polar atoms of the side chains of Tyr-99 and Gln-225. Analyses of amino acid residues within the substrate binding pocket that may interact with JH or the inhibitor OTFP are described in detail in our previous study (22) .
Molecular Modeling. In our previous study (22) , we generated a model in which JH II was placed in the binding pocket of MsJHE. In this study, JH III, saturated JH III, JH III diol, and R-NA were modeled into the binding pocket of MsJHE. JH III differs from JH II only at C 11 where JH III ( Figure 1A ) has a methyl group instead of an ethyl group. Because of the high similarity between JH II and JH III, our model of 10R JH III within the substrate binding pocket was essentially the same as that of 10R JH II. Like the MsJHE-JH II model, our MsJHE-JH III model showed that the fit of JH within the binding pocket is very tight. This tight fit suggested that a water molecule (when the substrate is present) would be unable to enter and easily travel down to the bottom of the pit to access the catalytic triad. The MsJHE-JH III model also predicted that the phenyl group of Phe-259 and hydroxyl group of Thr-314 were in the appropriate context to form π-π electron cloud (π-stacking) and hydrogen bond interactions with the R,β-unsaturated ester and epoxide, respectively, of JH III. Specifically, the phenyl group and the oxygen of the hydroxyl group were within 5.0 Å ( Figure 3A ) and 2.9 Å (Figure 3B ) of the ester and epoxide, respectively. In the case of the 10S enantiomer of JH III (the non-native enantiomer), our model predicted that the hydroxyl of Thr-314 and epoxide oxygen were not close enough to form any interaction (data not shown).
A saturated form of JH III with new chiral centers at C 3 and C 7 in addition to the existing chiral center at C 10 ( Figure 1B ) was produced by a hydrogenation reaction. This reaction did not hydrate the epoxide to a diol or result in other modifications as discussed below. Thus, with the additional chiral centers there are eight stereoisomers (three enantiomer pairs) of saturated JH III. After topology and parameter files were generated for each stereoisomer, each was modeled into the substrate binding pocket of MsJHE ( Figure 4A ) using our previously generated MsJHE-JH II model for reference. All eight stereoisomers fit reasonably into the substrate binding pocket, and all of the stereoisomers fit in roughly the same manner as JH III. In particular, the first seven carbon atoms were tightly constrained even when the free rotation resulting from the saturation of the C 2 -C 3 double bond was taken into consideration. The saturation of the C 6 -C 7 double bond allowed the epoxide (of saturated JH III) to rotate and twist so that it was generally found in the opposite orientation as the epoxide of JH III.
JH III diol was enzymatically generated from JH III using a recombinant epoxide hydrolase from mouse (see below). Unlike the hydrogenation reaction that generated multiple stereoisomers from a single substrate, only one stereoisomer was generated by the enzymatic reaction. Thus, the enzyme-catalyzed reaction converted the 10R enantiomer of JH III into the 10S enantiomer. The fit of 10S JH III diol (the enantiomer found in insects) within the JH binding pocket of MsJHE was generally similar to that of JH III; however, the hydroxyl groups at C 10 and C 11 did not appear to be in the appropriate context to interact with Thr-314. Instead, they were within 3.2 Å of the main chain carbonyl oxygen atoms of Phe-259 and/or Phe-311, respectively ( Figure 4B ). This placement could allow hydrogen bond formation between the hydrogen atoms of either or possibly both of the hydroxyl groups and the carbonyl oxygen atoms of Phe-259 and Phe-311. Repeated modeling attempts to orient these hydroxyl groups of the diol such that they would be in the appropriate context to interact with Thr-314 failed.
R-NA is a general esterase substrate composed of a large alcohol (naphthol) and a small acid ( Figure 1D ). MsJHE hydrolyzes R-NA with a k cat of 22 s -1 (in comparison to ca. 0.7 s -1 for JH III) albeit with a K M of only 410 μM. R-NA could not be modeled into the substrate binding pocket of MsJHE in an "alcohol first" orientation as was done for JH because this placed the naphthol moiety in the core of the structure (data not shown). On the other hand, there was sufficient space for the acid moiety when R-NA was modeled in the "acid first" orientation ( Figure 5 ). In this case, however, the distances between some of the carbon atoms of the naphthol moiety and the enzyme appeared to be closer than van der Waals distance, indicating that there is flexibility in the binding pocket of MsJHE. When modeled in the acid first orientation, the carbonyl carbon of R-NA was 5.1 Å away from the hydroxyl group oxygen of the catalytic serine (Ser-226) of MsJHE.
In our current and previous (22) models in which we attempted to fit various substrates within the binding pocket of MsJHE, the atoms of MsJHE were kept fixed while allowing the substrate to move freely. If the protein atoms were not kept fixed, significant uncertainty was generated in the model, even away from the active site or in the absence of substrate. This uncertainty precluded any meaningful conclusions to be drawn from the models. Although there must be flexibility in the actual protein to accommodate, for example, a water molecule when JH is present in the pocket or R-NA in the acid first orientation, the modeling software that was used in this study limited our ability to freely allow conformational change of both the protein and substrate in a meaningful manner. JH III was also modeled by keeping the atoms of the protein backbone fixed and either putting harmonic restraints on the side chains or allowing them to move freely. When the side chains were not restrained or were harmonically restrained, the JH epoxide-Thr-314 interaction was maintained, and the fit of JH III in the pocket was essentially the same as in the model generated by keeping all of the protein atoms fixed (data not shown).
Enzyme Purification. MsJHE, F259I, and T314V were expressed in insect High Five cells that were infected with the recombinant baculoviruses AcMsJHE7, AcMsJHE-F259I, or AcMsJHE-T314V, respectively. Following anion-exchange chromatography of the cell culture medium, the purification efficiencies of MsJHE, F259I, and T314V were 77%, 32%, and 51%, respectively (Supporting Information Figure S1 ). The specific activity of these preparations was determined by a partition assay containing 5 μM JH III. The specific activities of the MsJHE, F259I, and T314V preparations were 500 ( 30, 2370 ( 230, and 4200 ( 310 nmol of JH III acid formed min -1 mg -1 of JHE, respectively. This represented purification factors of 4.0-, 4.4-, and 4.5-fold, respectively. These purification factors were the same or better than those previously obtained for MsJHE using the same purification scheme (17) . These preparations were then diluted 1 Â Generation of Saturated JH III and JH III Diol. Saturated JH III was generated by an overnight hydrogenation reaction using a platinum dioxide catalyst at room temperature. TLC and mass spectrometry were used to confirm that the reduction of the C 2 -C 3 and C 6 -C 7 double bonds of JH III proceeded as expected. Saturated JH III and JH III migrated as separate and distinct spots by TLC (4:1 hexane-ethyl acetate solvent phase) with R f values of 0.39 and 0.48, respectively. Mass spectrometry of the saturated JH III (C 16 H 30 O 3 ) showed the expected mass spectrum with a 4 mass unit increase in the parent ion (LC-MS (ESI) m/z calculated for C 16 
þ 271.28). Mass spectrometry indicated that greater than 99% of the JH III was converted to saturated JH III. Furthermore, considering that epoxides are known for facile rearrangements, these assays showed that the epoxide of JH III did not hydrate to a diol or rearrange to an allylic alcohol at C 10 or reductively open to a tertiary alcohol at C 11 . These results were consistent with our previous synthetic approaches for JH mimics (38, 39) . JH III diol was enzymatically generated using a recombinant epoxide hydrolase from mouse. JH III diol and JH III migrated as separate and distinct spots by TLC (1:1 hexaneethyl acetate solvent phase) with R f values of 0.27 and 0.89, respectively.
Hydrolysis of Saturated JH III. Resonance stabilization between the R-β (C 2 -C 3 ) double bond and carbonyl of JH ( Figure 1A ) has been hypothesized to result in an ester that is more resistant to nucleophilic attack by a JH-specific esterase. To test this hypothesis, JH III lacking resonance stabilization (i.e., saturated JH III) was generated and used in kinetic experiments. Since deacylation is generally considered the rate-determining step in JH metabolism, the expectation was that nucleophilic attack of the acyl-enzyme by an activated water molecule would occur more easily with saturated JH III than with JH III so that an increase in k cat would be observed. To our surprise, this was not the case, and the k cat values of MsJHE for saturated JH III and JH III were indistinguishable (Table 1 ). This indicated that nucleophilic attack on the acyl-enzyme complex and the additional Figure 2B ) in which JH is placed in the pocket in an alcohol first orientation, R-NA is placed in an acid first orientation. In this orientation, the carbonyl carbon of R-NA is 5.1 Å away from the oxygen of the catalytic serine (Ser-226).
stability from the resonance-stabilized ester are not factors in the rate-determining step. The K M s of MsJHE for saturated JH III and JH III were not statistically different.
Kinetic Analysis of F259I. As described above, our molecular modeling suggested that the phenyl group of Phe-259 of MsJHE is within the appropriate distance and geometry to form π-stacking interactions with the resonance-stabilized ester of JH ( Figure 3 ) and/or acyl-enzyme. This π-stacking was hypothesized to help destabilize the resonance stabilization and allow enhanced nucleophilic attack of the carbonyl carbon of JH and/or the acylenzyme complex. In order to test this hypothesis, Phe-259 of MsJHE was mutated to Ile, a nonaromatic amino acid residue that is found at the corresponding position in the structurally related rabbit carboxylesterase. Modeling of the substrate binding pocket of F259I indicated that atoms of the Ile side chain do not sterically clash with other nearby atoms. Thus, the model predicted that the overall structure of the substrate binding pocket of F259I is similar to that of MsJHE. Mutation of Phe-259 (as well as Thr-314; see below) to other residues (e.g., Phe to Leu) was initially considered; however, modeling of these residues suggested that they would cause a greater overall change in the binding pocket structure. In kinetic terms, the expectation was that F259I would show a lower k cat for JH III in comparison to MsJHE. In contrast to our expectation, F259I showed a 5.7-fold higher k cat for JH III (Table 1) . This suggested that π-stacking interactions do not play a role in enhancing nucleophilic attack of the ester and/or acyl-enzyme complex. On the other hand, the K M of F259I for JH III was 3.4-fold higher (P<0.005) than that of MsJHE (Table 1) . This suggested that π-stacking facilitates JH III orientation and/or binding interactions that help to reduce K M . With the saturated form of JH III as a substrate, F259I showed a 4.4-fold higher k cat and 14-fold higher (P<0.03) K M in comparison to MsJHE (Table 1) . These results suggested that interactions of MsJHE with the resonance-stabilized ester of JH and/or a JH molecule with planar geometry or lacking rotational freedom (resulting from the C 2 -C 3 and/or C 6 -C 7 double bonds) may be involved in enhancing substrate orientation and/or binding within the substrate binding pocket.
Kinetic Analysis of T314V. As described above, our molecular modeling analyses indicated that the hydroxyl group of Thr-314 of MsJHE is within the appropriate distance and geometry to hydrogen bond with the epoxide oxygen of JH (Figure 3 ). This hydrogen bonding was initially hypothesized to help substrate orientation and/or stabilization of the enzymesubstrate complex resulting in a reduction in K M and possibly an increase in k cat . This hypothesis was tested by mutating Thr-314 of MsJHE to Val. Val was selected because the mutation results in a simple substitution of the side chain hydroxyl group of Thr with a methyl group. Surprisingly, modeling of T314V did not indicate any major changes in the overall structure of the substrate binding pocket. Experimentally, the K M of T314V for JH III was 2.9-fold higher (P < 0.01) than that of MsJHE, whereas k cat was 6.4-fold higher ( Table 1 ). The effects of hydrogen bonding were further investigated using JH III diol as a substrate. As discussed above, molecular modeling of JH III diol within the substrate binding pocket of MsJHE indicated that, although hydrogen bonding appears not to occur between JH III diol and Thr-314, the hydroxyls of the diol (at C 10 and C 11 ) were within hydrogen bonding distance of the main chain carbonyl oxygen atoms of Phe-259 and Phe-311. Experimentally, the specific activity of MsJHE for JH III diol was 2.1-fold higher (P < 0.04) than that of MsJHE for JH III (Table 2 ). In contrast, the specific activity of T314V for JH III diol was not statistically different than that of MsJHE for JH III (Table 2) .
DISCUSSION
Insect development is intricately regulated by the relative titers of JH and ecdysteroids (molting hormones). The presence of JH (total JH) in the hemolymph at concentrations of ca. 2-38 nM (40-43) allows a larval insect to maintain the status quo such that a larval-larval molt occurs. In contrast, the absence of JH (at a hemolymph concentration lower than a detection limit of ca. 0.04 nM) coupled with a small spike (ca. 54 nM) in molting hormone commits the insect to a developmentally more advanced molt (e.g., a larval-pupal molt). Thus, for normal insect development to occur, a 50-fold to perhaps more than 1000-fold reduction in JH levels must occur. This reduction in JH titer occurs through a combination of a decrease in JH biosynthesis, an increase in JH metabolism, and potentially an increase in sequestration (see ref 3) . JHE is primarily responsible for the metabolism of JH (both free JH and JH bound to carrier protein) in the hemolymph. In this study we found that mutation of a single amino acid residue (Phe-259 or Thr-314) of MsJHE can increase K M by roughly 3-fold for JH. This increase in K M is coupled with a roughly 6-fold increase in JH turnover, suggesting that low K M rather than fast turnover is the evolutionary driver of MsJHE. In addition, we found that MsJHE hydrolyzes the resonance-stabilized JH and its chemically less stable saturated analogue at identical rates, demonstrating that the strength of the chemical bond to be hydrolyzed in an enzymatic reaction does For reactions at 30°C in 50 mM sodium phosphate buffer, pH 7.4, containing 1 mg mL -1 of BSA. V max and K M values represent the average of at least three assays ( standard deviation. not necessarily correlate with how reactive it will be to metabolism.
MsJHE has a deep and narrow substrate binding pocket that is lined primary by hydrophobic amino acid residues (Figure 2 ). This hydrophobic environment is likely to improve the partitioning of the highly nonpolar JH molecule out of the hemolymph and into the binding pocket. In addition, our MsJHE-JH models predict that the fit of JH within this pocket is extremely tight (Figure 3 ). This tight fit places at least two noncatalytic amino acid residues, Phe-259 and Thr-314, within the appropriate context to interact with JH. The phenyl group of Phe-259 appears to form π-stacking interactions with the resonance-stabilized ester of JH, and the hydroxyl of Thr-314 appears to hydrogen bond with the epoxide of JH. The tight fit of JH within the substrate binding pocket also appears to preclude water from moving down the pocket to the active site residues, as will be discussed below. The importance of an aromatic amino acid residue (Phe or Trp) corresponding to Phe-259 and a Thr residue corresponding to Thr-314 in the biological action of JHEs is supported by their conservation in JHEs from six insect orders (e.g., see refs 13, 22, and (44-48) ). Specifically, a Phe residue is conserved in lepidopteran JHEs whereas Trp is generally conserved in coleopteran and dipteran JHEs. An aromatic amino acid residue (generally Trp) is also common in biologically active non-JHE carboxylesterases of insect and mammalian origin that show high homology to MsJHE. The Thr residue, on the other hand, appears not to be conserved in the non-JHE carboxylesterases. Since the lepidopteran JHEs fall in a different clade from coleopteran and dipteran JHEs (12, 13) , the presence of the Thr residue in both lepidopteran and coleopteran/dipteran JHEs appears to be an example of convergent evolution.
Site-directed mutagenesis of Phe-259 or Thr-314 of MsJHE and subsequent kinetic experiments with the mutants (F259I and T314V, respectively) were performed in order to experimentally investigate the roles of these amino acid residues in the catalytic cycle. Experimentally, mutation of either of these residues results in mutant JHEs that show roughly 3-fold higher K M s for JH III in comparison to MsJHE ( Table 1) . As discussed above, π-stacking and/or hydrogen bonding between these residues and JH appear to improve alignment and/or binding of JH within the substrate binding pocket so that K M is reduced. This reduction in K M , however, comes at the cost of reduced substrate turnover since both mutants show roughly 6-fold higher k cat values in comparison to MsJHE (Table 1) . We hypothesize that the π-stacking and hydrogen bonding that help to improve the alignment and/or binding of the substrate within the substrate binding pocket also stabilize the metabolite so that its release is retarded. This is an unusual situation because metabolic enzymes such as AChE are commonly optimized for fast substrate turnover, but in the case of MsJHE the enzyme appears to be optimized to ensure substrate metabolism at the expense of fast turnover. A tradeoff of reduced turnover for a reduction in K M , however, is not unreasonable considering the biological conditions of low substrate availability in which the enzyme functions. A caution though is that the K M of an R/β-hydrolase fold enzyme such as JHE with two separate catalytic steps (i.e., two transition state intermediates) has little if any relationship to K d .
Resonance stabilization of the R,β-unsaturated ester of JH was hypothesized to result in an ester with increased resistance to nucleophilic attack by JHE (see ref 4) . Two experimental results, however, argue against this hypothesis. First, MsJHE turns over both resonance-stabilized and non-resonance-stabilized JH III at the same rates (Table 1) . Second, F259I, a mutant MsJHE that putatively cannot destabilize the resonance-stabilized ester, turns over JH III at a significantly faster rate than wild-type MsJHE (Table 1) . Although resonance stabilization of JH appears not to confer metabolic stability with JHE, it may improve resistance to nucleophilic attack by other esterases that are found in the hemolymph. In addition as discussed above, π-stacking interactions between Phe-259 and the resonance-stabilized ester appear to improve substrate alignment and/or binding so that K M is reduced. In a similar manner some thioester surrogate substrates of JHE show lower K M when a sulfur atom is placed at a position corresponding to the β carbon of JH (21) . In addition, esterase inhibitors that are structural mimics of JH (e.g., OTFP and related compounds) show greater potency when a sulfur atom is placed at a position corresponding to the β carbon of JH (22, 27, 28, 49, 50) . In both the surrogate substrate and inhibitor examples, the sulfur atom is thought to mimic the electrostatic environment of the resonance-stabilized ester.
JH is thought to be the primary substrate of JHE; however, JH diol (formed through the action of JHEH) is another potential substrate. Experimentally, the specific activity of MsJHE for JH III diol is roughly 2-fold higher than that of MsJHE for JH III (Table 2 ). This increase is not unexpected since the deacylation rate constant, a key component of k cat for carboxylesterases (see refs 1, 2, and 4), increases with increased polarity of the acyl group and decreases with increased steric hindrance. Since our molecular modeling suggested that the hydroxyls of the diol are not in the appropriate context to hydrogen bond with Thr-314, our initial expectation was for a dramatic increase in activity as was found with the T314V mutant for JH III (the V max of T314V for JH III is 7-fold higher than that of MsJHE; Table 1 ). An explanation for this may be found in the ability of the hydroxyls of JH III diol to hydrogen bond with one or possibly both of the main chain carbonyl oxygen atoms of Phe-259 and Phe-311 ( Figure 4B ). This hydrogen bonding could partially compensate for the loss of hydrogen bonding between the epoxide of JH and hydroxyl of Thr-314. Thus, in both of these experimental examples (i.e., the hydrolysis of JH diol by MsJHE and the hydrolysis of JH by T314V) hydrogen bonding appears to retard the release of the metabolite from the substrate binding pocket, resulting in a reduction in turnover.
A deeper understanding of the relative roles that biosynthesis, degradation (by both JHE and JHEH), and sequestration play in the regulation of JH titer is slowly emerging (see ref 3) . In the hemolymph of lepidopteran larvae, hydrolysis of JH to JH acid by JHE is the primary degradative pathway. In this role JHE functions primarily as a scavenging enzyme. On the other hand, JHE could function as a biosynthetic enzyme under situations where JH acid is biologically important. Since JHEH activity is generally restricted to tissues, this suggests that JH acid will accumulate in the hemolymph in the absence of its metabolism. This has been shown experimentally in silkworms where the titer of JH acid is higher than that of JH during some developmental stages (51) . Although secretion from the corpora allata appears to be responsible for much of this JH acid, metabolism by MsJHE may also play a role. The situation of JH degradation within tissues is more complicated since both JHE and JHEH activities are found in tissue (see ref 4) . In lepidopteran larvae such as M. sexta, the turnover rate of JH by MsJHE is likely to be significantly faster than that of MsJHEH (see refs 17, 52, and 53) . This suggests that JH acid should be generated at a significantly faster rate than JH diol (assuming that both enzymes are found at similar molar levels and JH acid is only slowly converted back to JH). Subsequently, should the JH acid be available as a substrate for MsJHEH, MsJHEH will turn over JH acid to JH acid diol at a significantly slower rate than the rate of formation of JH acid by MsJHE (17, 52) . Thus, under this scenario JH acid will also accumulate within tissues.
Our molecular models of JH within the substrate binding pocket of MsJHE indicate that there is insufficient space for a water molecule to enter and easily move down the pocket when JH is present. This initially suggested that the availability of a water molecule to attack the carbonyl carbon of the acyl-enzyme is a rate-determining step. In comparison to the substrate binding pocket of MsJHE, the binding pocket of T314V is predicted (assuming that the mutation does not result in any major changes to the structure of the protein) to have a similar volume (the molar refractivity of Thr is 17.22 cm 3 mol -1 whereas that of Val is 20.53 cm 3 mol
), similar charge (both Thr and Val have neutral charge at pH 7.4), and slightly lower polarity. The ability of a water molecule to enter and move down the substrate binding pockets of MsJHE and T314V thus appear to be similar or perhaps slightly worse with T314V. Despite this, the k cat of T314V for JH III is about 6-fold higher than that of MsJHE for JH III (Table 1) . Thus, these kinetic experiments argue against the hypothesis that the availability of a water molecule is a ratedetermining step in the catalytic cycle.
The long and narrow structure of the substrate binding pocket of MsJHE suggests that R-NA, composed of a bulky alcohol and small acid ( Figure 1D) , is a poor substrate of MsJHE. Experimentally, however, MsJHE turns over R-NA at a rate of approximately 22 s -1 (17), a significantly higher rate than that for JH III (0.7 s ). This higher rate is partially explained by the fact that naphthol is a significantly better leaving group than methanol of JH III (see ref 21) . If R-NA enters the substrate binding pocket in the same alcohol first orientation, as does JH, our molecular modeling indicates that there is insufficient space for the naphthol moiety. On the other hand, if R-NA enters the binding pocket in the acid first orientation, there is sufficient space for the acid; however, the distances between some of the carbon atoms of the naphthol and enzyme appear to be closer than van der Waals distance ( Figure 5 ), suggesting that there is some flexibility in the substrate binding pocket. This flexibility may help to explain how a water molecule can enter and move down the substrate binding pocket (or through an opening in the side of the pocket), even though our models suggest that there is insufficient space when JH is present. Flexibility within the pocket also helps to explain how the detergent Triton X-100 and water-miscible organic solvents such as ethanol are able to dramatically increase the hydrolytic activity of MsJHE (44, 54) . These compounds putatively distort the pocket and allow JH better access and/or binding to the catalytic residues or improve release of JH acid. Flexibility of the pocket may also help to explain how hemolymph samples from M. sexta as well as several other insects are able to (i) hydrolyze the ethyl ester of JH I at a similar rate as JH I (a methyl ester) and to a lesser extent n-propyl and n-butyl esters of JH I (55, 56) and (ii) catalyze transesterification reactions in the presence of ethyl, propyl, and butyl alcohols (56) .
In summary, the physical characteristics (deep and narrow pit with highly hydrophobic surface) of the substrate binding pocket of MsJHE likely improve the partitioning of JH out of the hemolymph and into the pocket. The tight fit of JH within the pocket results in interactions between JH and the highly conserved Phe-259 and Thr-314 residues that lower K M . The high conservation of Phe-259 and Thr-314 in numerous biologically active JHEs suggests that these residues are an integral part of the ability of JHEs to efficiently hydrolyze JH at nanomolar concentrations as is found in the hemolymph. Our kinetic analyses indicate that the low K M of MsJHE comes at the cost of reduced turnover. Nucleophilic attack of neither the resonance-stabilized ester of JH by the catalytic serine nor the acyl-enzyme by a water molecule appears to be the sole rate-determining step in the hydrolysis of JH III by MsJHE. The availability of a water molecule also appears not to be a rate-determining step. We hypothesize that the rate-determining step in the hydrolysis of JH by MsJHE is an event that occurs after nucleophilic attack of the acyl-enzyme by water, possibly the release of the relatively lipophilic JH acid metabolite. Thus, returning to our original comparison of JHE and AChE, the high k cat of AChE is consistent with its role in very quickly reducing the high local concentration of acetylcholine (by releasing a very polar acid metabolite) at the synapse (see ref 24) . The dramatically lower k cat but also lower K M of JHE for JH is consistent with its role as a scavenger enzyme that must remove trace quantities of JH under conditions where the enzyme concentration on a molar basis may exceed that of the substrate.
